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Abstract
Tire-pavement interaction is a critical analysis for conducting 
friction measurements and safety evaluation on highway pave-
ments. Substantial field studies and research efforts indicate 
pavement friction can be predicted with tire/texture-related 
models (e.g. empirical or analytical models); however, devel-
oping a reliable friction prediction model for network level 
pavement survey still remains a challenge. In this paper Hein-
rich/Klüppel friction prediction model is utilized to estimate 
friction on Asphalt Concrete (AC) pavements. High resolution 
texture data are acquired from Ames high-speed profiling sys-
tem, and subsequently pavement friction data are collected on 
the same sections with Dynatest 6875 Highway friction tester. 
Findings from the study indicate a good agreement between 
the predicted and measured Friction Numbers (FNs). It is con-
cluded that Heinrich/Klüppel friction theory can be used as a 
promising surrogate for pavement safety evaluation. This study 
would be beneficial for complementing the existing safety eval-
uation methods used in highway safety program.
Keywords
Pavement Friction, Heinrich/Klüppel Model, High Friction 
Surface Treatment (HFST), Power Spectral Density (PSD), 
Fractal Analysis, Tire Penetration Depth (TPD)
1 Introduction
One of the most important tasks of pavement engineers is 
to maintain safe pavements for the driving public. However, 
pavement safety performance would deteriorate over time due 
to the effects of traffic loading and environmental factors on 
surface texture properties (Ergun et al., 2005). As a result, 
potential traffic crashes may occur on pavement sections with 
poor frictional properties. To ensure pavements meet a certain 
safety requirement, a prompt and accurate measurement and 
evaluation of pavement frictional properties are necessary.
Generally pavement frictional properties can be assessed 
using either friction measurement devices or friction predictive 
models (ASTM E274; ASTM E303; ASTM E1911; Yandell 
et al., 1983; Hahn et al., 2002; Do et al., 2004; Ergun et al., 2005; 
Hall et al., 2009; Henry et al., 2000). Friction measurement 
instrument based methods are relatively complex and costly. 
During data collection, in most cases a truck carrying a large 
water tank is needed to wet pavement surface with a prescribed 
layer of water during measurements (ASTM E 274). Because of 
the limited amount of water a truck can carry, these measurements 
are limited to a small range, which is unsuitable for network 
level pavement friction measurement. Therefore, predictive 
models might be a promising alternative for pavement friction 
estimation (Yandell et al., 1983).
A large amount of work have been carried out to predict pave-
ment friction from texture measurements using experimental 
methods (Leu et al., 1978; Yandell et al., 1983; Purushothaman 
et al., 1990; Do et al., 2004; Alvarez et al., 2005; Ergu et al., 
2005; Kebrle et al., 2007, Predescu et al., 2010), but with lim-
ited successes. Studies indicated pavement texture is not the 
only factor influencing pavement friction, instead the predicative 
capability of models depends on a multitude of factors such as 
tire inflation pressure, temperature, rubber wear or aging, sliding 
velocity, vertical load, pavement texture property, and even road 
evenness and curviness (Klüppel et al., 2000; Persson, 2001).
Two physical friction theories are developed to investigate 
rubber friction and contact mechanics (Klüppel et al., 2000; 
Persson, 2001). The common key feature of the two theories 
is that they have a physical basis and predict the frictional 
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coefficient of rubber materials sliding on a rough surface based 
on fundamental input parameters such as basic viscoelastic 
property of the rubber. The friction force is calculated from the 
dissipated energy during sliding, originating from stochastic 
excitations of the sliding rubber by surface asperities on vari-
ous length scales. Studies indicate the predicted friction coef-
ficients from the two theory models match well with the experi-
mental results (Westermann, 2004). 
In this paper one of the two theories, Klüppel/Heinrich 
model, is used to predict pavement friction since the theory 
model is not only related to pavement texture property, but also 
highly associated with tire properties. High resolution texture 
data is collected with Ames high speed profiling system. The 
predicted friction is compared with the friction data collected 
from Dynatest 6875 highway friction tester. Validation results 
indicate there is a good agreement between the predicted and 
measured frictions. As a result, the Klüppel/Heinrich friction 
model may be used as a cost-effective and promising method 
for the network level pavement safety surveys.
2 Heinrich/Klüppel Friction Theory 
In Heinrich/Klüppel model, the roughness of self-affine sur-
face or AC pavement surface can be described with three tex-
ture descriptors, namely the Hurst-Exponent (related to fractal 
dimension) and the other two correlation lengths parallel and 
perpendicular to the surface (related to the height difference 
correlation) (Klüppel et al., 2000). Accordingly the calcula-
tion of the three roughness descriptors involves in the fractal 
dimension analysis and height difference correlations.
Fig. 1 Fundamental framework of Heinrich/Klüppel model
Heinrich/Klüppel friction theory describes the elastic con-
tact between tire rubbers and pavement texture asperities using 
Greenwood-Williamson model (Greenwood, 1966; Klüppel et 
al., 2000). To predict pavement frictions, three parameters (i.e. 
tire penetration depth, loss modulus, and power spectral den-
sity) need to be determined based on tire properties, tire normal 
pressure, surface roughness, and complex viscoelastic modulus. 
The calculation of tire penetration depth depends on storage 
modulus at an excitation frequency and the correlation length 
parallel to pavement surface. The loss modulus is determined 
by relaxation time of Zener slider model, sliding velocity, and 
surface texture wavelengths. The power spectral density can be 
derived from the Fourier Transform. A deeper understanding of 
this theory can be referred to the original papers (Klüppel et 
al, 2000; Heinrich et al 2008), and the application of Heinrich/
Klüppel friction theory can be schematically described in Fig. 1.
The basic idea for the determination of the hysteresis fric-
tion coefficients is to calculate the dissipated energy (Ed) dur-
ing sliding on a rough surface. The loss energy can be math-
ematically described in Eq. (1) (Klüppel et al., 2000):
E x z t x z t d xdtd
TV
= ∈∫∫ σ ( , , ) ( , , )0
2
0

Where V represents the volume derived from tire deformation; 
T represents the time to complete rubber sliding on test seg-
ment;  σ (x, z, t)  represents the normal pressure over the time t; 
 x z t, ,( )  represents the strain over time t.
Per energy conservation rules, the energy dissipation per 
unit time must equal to the product of friction force (related 
to hysteretic energy loss) and the sliding velocity, then one 
obtains (Klüppel et al., 2000):
µ
pi σHK
p
w
wz
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Equation (2) calculates the hysteresis friction coefficient  μHK 
for a cylindrical rubber block undergoing a one-dimensional 
deformation during sliding contact at velocity v with a rough 
surface under contact pressure  σ0; ázpñ  is the tire penetration 
depth whose calculation is related to fractal dimension and 
height difference correlation; E (w) is the loss energy modulus 
and determined by Zener slider model;  PSD (w)  is the energy 
amplitude at the given angular frequency  w  and can be deter-
mined by the Fourier Transform.
To better interpret surface texture descriptors and other 
parameters used in Heinrich/Klüppel friction theory model, the 
fractal dimension analysis, height difference correlation func-
tion, Zener slider model and tire penetration depth calculation, 
as well as power spectral density estimation are elaborated in 
the following subsections.
3 Fractal Dimension Analysis
The self-affine behavior is observed in the pavement tex-
ture structure or shape, leading to a natural way to describe 
the surface texture under various length scales (Kokkalis et al., 
1998; ASME, 2009). Currently fractal concepts have already 
been successfully used in pavements. For instance, the use 
of fractals for characterizing aggregate shapes is reported
(1)
(2)
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(Carr et al., 1990); fractal number is used to represent the 
angularity of the particles (Li et al., 1990); the fractal concepts 
are also used to determine the surface area of aggregate parti-
cles (Carr et al., 1992); the fractal dimensions can be used to 
simulate the relationship of the surface wetting, wear and skid 
resistance (Kokkalis et al., 1998). In this paper fractal dimen-
sion analysis is utilized to characterize the property of pave-
ment texture collected from Ames high speed profiling system, 
and the resultant fractal dimension is used to calculate one of 
the three roughness descriptors: Hurst exponent (H).
Although an increasing number of papers provide a theo-
retical basis for observing fractal behavior in past decades 
(Bartlett, 1991; Mather et al., 2009), the selection of a method 
that can provide a consistent and reliable determination of the 
fractal dimension remains unsolved. Many methods, such as 
box counting, walking divider method, power spectrum and 
so on, have been developed, but most have their practical and 
theoretical limitations (Mather et al., 2009). In this paper the 
walking divider method is used to determine fractal dimension 
of pavement texture. This method uses a chord length (Step) 
to measure the number of chord lengths required to cover a 
fractal curve (Vallejo, 2001). The technique is based on the 
principle of taking rulers of varying size (Step) to cover the 
fractal curve and counting the number of rulers required in 
each case, as shown in Fig. 2.
Fig. 2 The various step length (r) and number of steps (N) required for the 
measured fractal curve (Vallejo, 2001)
Once the step lengths (r) and number of steps (N) required 
to cover the surface texture are obtained, the fractal dimension 
can be calculated. Fractal Dimension (FD) equals to the ratio 
of the log of the number of linear elements N with respect to 
the log of the reciprocal of the linear scaling ratio (r). Its math-
ematical description is given in Eq. (3) (ASME, 2009).
FD N
r
=
( )
log
/log 1
4 Height Difference Correlation
Typically the roughness of a surface texture can be repre-
sented with the profile z(x), the arbitrary transformation would 
keep the surface statistically invariant if the surface appears 
self-affine features, as mathematically described in Eq. (4).
x x z zyields yields H →  →Λ Λ,
Where H is Hurst exponent which is related to the fractal 
dimension D (D= 2–H, 0≤H≤1).
Apart from the surface fractal dimension D, the other two 
surface descriptors are also used to characterize a self-affine 
surface: (1) the correlation length ξ

 parallel to the surface and 
(2) the correlation length ξ^ perpendicular to surface. One 
solution to describe the two surface descriptors with the height 
difference correlation function, as given in Eq. (5).
HDCF λ λ( ) = +( ) − ( )( )z x z x 2
Where á…ñ denotes the average value; HDCF (λ) describes the 
mean square height difference of the surface at the horizontal 
length scale λ.
For the self-affine surface texture, the height difference 
HDCF (λ) would be approximating to a constant value with 
the increase of the length scale λ. Assume the HDCF (λ) starts 
keeping invariant at the length scale (ξ

) , and the relationship 
between the length scale and correlation lengths can be math-
ematically described in Eq. (6) and (7).
HDCF forλ λ
ξ
ξ λ ξ( ) =





 <⊥
||
||
2
2
HDCF forλ ξ λ ξ( ) = >⊥2 ||
From Figure 3, it can be observed that the correlation lengths 
ξ^ and ξ are determined at the length scale ξ . For the length 
scale less than ξ
 , the linear equation with a slope of 2H exists. 
That is, the ξ
  can be calculated using the  ξ^ based on the lin-
ear equation. To calculate the ξ
 , the ξ^ needs to be determined 
first. Typically the correlation length ξ^ is dependent on the 
variance of the measured height distribution of a surface, and 
the variance is calculated by Eq. (8).
Var z z x z( ) = ( ) −( )2
The mean height of the surface profile is represented with 
ázñ. For the self-affine pavement surface, the relationship 
between variance and the height correlation ξ^ can be math-
ematically described using Eq. (9).
ξ⊥ = ( )2Var z
(3)
(4)
(5)
(6)
(7)
(8)
(9)
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Fig. 3 Determination of the texture descriptors ξ
 , ξ^ and H 
(Torbruegge et al., 2015)
Moreover, using linear equation to calculate the HDCF (λmin) 
at the minimum wavelength scale λmin , and then the correlation 
length ξ
  can be calculated by Eq. (10):
ξ λ
ξ λ
⊥ − ( )
−
=
2
2
HDCF min
|| min
H
So far the three basic elements of surface texture descrip-
tors for self-affine surface have been determined. The accurate 
estimations of these three texture descriptors are critical for the 
prediction of pavement friction coefficients.
5 Tire Penetration Depth (TPD)
Aside from the three texture descriptors, the complex vis-
coelastic properties of the sliding rubber need to be known over 
a broad range of frequencies to predict the real area of contact 
and the energy dissipation during sliding. Heinrich/Klüppel 
friction theory estimates various wavelengths that contribute to 
the built-up of the rubber friction force (Klüppel et al., 2000). 
In the case of an asphalt surface, a typical range of wavelengths 
would be less than 200 mm that is associated with the contact 
patch length between the tire and pavement surface. The tire 
deformation processes lead to excitation frequencies which can 
reach the order of 106 rad/s and higher, depending on the sliding 
speed and surface texture resolution.
5.1 Zener Slide Model
To describe the viscoelastic behavior of the rubber, a Zener 
slider model (also termed standard linear solid model), is intro-
duced. The Zener slider model is a generalization of the simple 
constant spring and dashpot models, as illustrated in Fig. 4. Its 
complex modulus can be described in Eq. (11).
E E iE
E E E
i Ee m e z
z
m z
z
ω ω ω
ω τ
ω τ
ωτ
ω τ
( ) = ( ) + ( )
=
+ +( )
+
+
+
′ "
2 2
2 2 2 21 1
Where τz = η / Em is the characterized relaxation time of the 
Zener slider; Ee is the elastic modulus of the spring in parallel 
with the damping having viscosity modulus of η (see Fig. 3); 
Em is elastic the modulus of the spring in series with the damp-
ing (see Fig. 3); the angular velocity ω = 2πυ / λ depends on the 
sliding velocity and surface texture wavelength.
The rubber storage and loss modulus are denoted by E' (ω) 
and E" (ω), respectively, which are related to sliding velocity, 
surface texture wavelength distribution, and the three modulus 
(Ee , Em , η) in Zener slider model.
Fig. 4 Diagram of the basic elements of Zener 
slider model (Klüppel et al., 2000)
5.2 TPD Estimation
The elastic contact between the rubber tire and pavement 
surface typically occurs at the summits of the highest asperi-
ties, as described in Fig. 5. The d is the distance between the 
rubber surface and pavement surface, and ϕz is the normalized 
distribution function of the surface summits.
Fig. 5 Schematic representation of elastic contact between a 
rubber and rough surface (Klüppel et al., 2000)
Greenwoods and Williamson (GW) develop a rough surface 
contact theory which can be used to evaluate the mean pen-
etration depth into the asperities, involving in the variance of 
the surface height (m0), square mean slope of surface height 
(m2), and the curvature of the height (m4). Their mathematical 
descriptions are given in Eq. (12), (13), and (14), respectively. 
m Var z0 = ( )
(10)
(11)
(12)
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m dz
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
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=

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



The statistical parameter of the GW theory α = m0 m4 / m2 2  
which determines the variance of the surface summit distribu-
tion and the asperity density of the surface. The surface summit 
distribution δS and the distance d between two surfaces can be 
determined by α, as described by Eq. (15) and (16):
δ
αs
m= −




1
0 8968
0
.
d m= 4 0
piα
The GW theory can be expressed by the normalized distri-
bution function ϕz of the profile z(x), and the surface height 
variance σ, height mean µ, and the mean distance d, given in 
Eq. (17) and (18):
φ
σ pi
µ
σ
Z
z
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−
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Based on Eq. (11)-(18), the relationship between the mean 
penetration depth and the normal stress can be expressed in 
Eq. (19):
z F dp =





σ σ1
6 Power Spectral Analysis
Power spectral analysis is used to calculate the spectrum 
density of various wavelengths of pavement texture, which 
is a well-known method for the interpretation of complicated 
signals containing a variety of wavelengths and amplitudes 
(Sayers et al., 1996). In order to investigate the power energy 
intensity at various wavelengths, typically two methods are 
available (Karamihas, 2005). One method is based on its auto-
correlation function, which can be obtained by converting the 
integral calculation to the sum of the sampled elevation points 
for digitalized discrete road profiles. The other method is based 
on the Fourier Transform (FT) which can be obtained by com-
puting the amplitudes of the sinusoids that are decomposed 
from the road texture, as given in Eq. (20). The output of the 
transformation represents squared amplitude at each frequency 
of the original data in the frequency domain. When scaled in 
this manner, this transform is called a PSD function (Abbas et 
al., 2007; Sayers et al., 1998).
F k f m e
m
N i km
N( ) = ( )
=
− − 





∑
0
1 2pi
Where N represents the pavement profile length,f (m) is the 
height value at pixel m along the profile; F (k) is the trans-
formed amplitude at frequency k or wave number k.
7 Case Study
7.1 Field Test
In this study one example is taken to demonstrate the appli-
cation of the friction prediction theory in pavement safety sur-
veys. The data collection is conducted on South Dakota (SD)-I 
229, starting at GPS coordinate of 43.531788, -96.697639, and 
ending at GPS coordinate of 43.537987, -96.693893, with a 
total length of approximately 820 meters. The data collection 
site is the curve crossing Southeastern Ave. and E 18th Ave, as 
shown in Fig. 6.
Fig. 6 Texture data plotting on the test section
The test section consists of two surface types: High Friction 
Surface Treatment (HFST) and the regular AC pavement sur-
face type. For the pavement friction measurements, the HFST 
segment has a length of approximately 560m. The regular 
surface includes the lead-in and lead-out segments, with the 
lengths of 121m and 118m respectively. One line-of-sight tex-
ture data is also collected on the same section, with a sample 
interval of 0.25mm, as illustrated in Fig. 7. It should be noted 
that the texture data and the friction data have the same lead-in 
and lead-out segments.
7.2 Comparison and Validations
To better compare and validate the data with adequate num-
ber of samples, the test section would be sampled into 53 seg-
ments in this study. Each segment has a length of 15.4m. The 
HFST section starts at the location of approximately Sample#8 
and ends at the location of approximately Sampe#46, as deline-
ated in Fig. 8. To ensure the reliability of the friction data, three 
repetitive measurements are made on the test route, as illustrated 
in Fig. 8. It can be observed that the three measurements have 
the excellent agreements with each other, with the correlation 
coefficients of 0.97, 0.96, and 0.99, respectively. In this study the 
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
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mean friction values from the three passes or measurements are 
served as the basis for the comparison and validation with the 
predicted frictions from Heinrich/Klüppel model.
Heinrich/Klüppel friction theory is used to predict the 
pavement friction values based on the collected texture data. 
Through a number of data processing techniques presented in 
this study, the pavement friction numbers along test section are 
estimated, as given in Fig. 9. Note that the agreements between 
the predicted and measured FNs are not as good as that shown 
in Fig. 8; and the predicted frictions are underestimated on 
the lead-in and lead-out segments, while overestimated on the 
HFST segment. In addition, the apparent differences appear at 
the transition segments between the regular pavement surface 
and HFST such as Samples #9 and #47.
To describe the relationships between the measured and 
predicted FNs, the linear regression analysis is used. The cor-
relation results between the predicted and measured FNs are 
plotted in Fig. 10. Note that generally the FNs at the regular 
segments are less than 60, while the FNs at the HFST segment 
are greater than 100. Findings indicate the good correlation 
between the measured and predicted FNs R2 = 0,79 is observed, 
as described in Fig. 10.
Fig. 7 SD-I 229 field test site
Fig. 8 Three repetitive friction measurements on SD-I 229
Fig. 9 Comparison between the measured and predicted FNs
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8 Conclusions and Recommendations
This study aims to estimate the hysteresis friction coeffi-
cients of pavements by calculating the dissipated energy during 
sliding on a rough surface. The estimation of dissipated energy 
over a distance needs to deal with surface texture roughness, 
the rubber properties, and the contact mechanics between rub-
ber surface and pavement surface. In the Heinrich/Klüppel 
model, Hurst Exponent, height difference correlation lengths 
parallel and perpendicular to pavement surface are used to 
describe surface texture roughness. Their calculations depend 
on fractal analysis and height difference correlation function. 
Subsequently the Green- Williamson model is used to describe 
the elastic contact between rubber and rough surfaces, which 
typically occurs at the summits of the highest asperities. PSD is 
used to calculate the spectrum density of various wavelengths 
of pavement texture. Finally an example is taken to illustrate 
the application of Heinrich/Klüppel model on pavement fric-
tion prediction. Results indicate that a good agreement is 
observed between the predicted and measured FNs. This study 
would be beneficial for complementing existing safety evalua-
tion methods used in highway safety program.
For the purpose of the project- and network- level safety sur-
veys, more field validation work need to be conducted on various 
AC pavements to improve the reliability of the model as follows:
1. The area texture data is recommended to replace the one-
line-sight texture data, such as the new 3D lane-width 1mm 
systems, for more accurate prediction of pavement frictions, 
especially for irregular pavement surfaces. At least, the mul-
tiple measurements should be conducted on the same test 
section for the one-line-sight data acquisition systems;
2. Data processing techniques need to be further investi-
gated to remove the noises of texture data, determine the 
wavelengths of interest, and calculate the related param-
eters used in the Heinrich/Klüppel model;
3. The initialization of the variables needs to be validated, such 
as the modulus of the rubber block and the tire pressure.
4. The texture data resolution is highly associated with the 
prediction of pavement frictions, and thus higher resolu-
tion data in both vertical and horizontal directions may 
be necessary.
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